Although acute itch has a protective role by removing irritants to avoid further damage, chronic itch is debilitating, significantly impacting quality of life. Over the past two decades, a considerable amount of stimulating research has been carried out to delineate mechanisms of itch at the molecular, cellular, and circuit levels. There is growing evidence that transient receptor potential (TRP) channels play important roles in itch signaling. The purpose of this review is to summarize our current knowledge about the role of TRP channels in the generation of itch under both physiological and pathological conditions, thereby identifying them as potential drug targets for effective anti-itch therapies.
Introduction
Itch, also known as pruritus, is an unpleasant sensation provoking the scratch reflex [1] . Itch is classified as acute or chronic, with the latter defined as pruritus lasting longer than six weeks [2] . Acute itch is often generated locally in the skin by pruritogens and the scratching behavior that is evoked has a protective role by removing irritants. Chronic itch, by contrast, may be maladaptive and leads to significant decrements in quality of life. It is associated with numerous conditions, including atopic eczema, psoriasis, urticaria, inflammatory skin diseases, chronic renal failure, cholestasis, lymphoma, and chronic liver diseases [3] [4] [5] [6] . Chronic itch remains an unmet medical condition lacking universally effective treatments. Delineating itch mechanisms at the molecular, cellular, and circuit levels is critical to the development of new anti-itch therapeutic strategies.
The transient receptor potential (TRP) channels comprise 28 members in mammals that can be divided into six subfamilies based on amino acid sequence homology, including TRPA, TRPC, TRPM, TRPML, TRPP, and TRPV [7] . TRP channels respond to a diverse array of thermal, chemical, and mechanical stimuli. They are implicated in many sensory functions including taste, smell, thermoception, touch, osmolarity, and pain [8] [9] [10] [11] [12] . In the past two decades, numerous studies have demonstrated that TRP channels are critically involved in itch sensation under both physiological and pathological conditions [13, 14] .
Cellular Mechanisms of Itch Signaling in the Periphery
Itch has long been considered a submodality of pain based on observations that local stimulation of the same skin sites at low intensities evokes itch, whereas high intensities cause pain [15] . Pain and itch are now clearly understood to be distinct sensory modalities [16] [17] [18] . Pruritogens evoke itch sensation by activating pruriceptors present on free nerve endings of cutaneous primary sensory neurons [19] . Primary sensory neurons are classified into four distinct types based on cell body size and axon myelination: (1) large-diameter, thickly myelinated proprioceptive neurons; (2) large-diameter, myelinated Aβ low-threshold mechanoreceptors which mediate touch; (3) medium-sized, lightly distinct types based on cell body size and axon myelination: (1) large-diameter, thickly myelinated proprioceptive neurons; (2) large-diameter, myelinated Aβ low-threshold mechanoreceptors which mediate touch; (3) medium-sized, lightly myelinated Aδ nociceptive neurons; and (4) small-diameter, unmyelinated C nociceptive neurons that detect noxious stimuli [19] . LaMotte et al. showed that itch-initiating neurons are predominantly C-type neurons with an additional small population of Aδ neurons [20] . Thus, both pain and itch are transduced by small-diameter dorsal root ganglion (DRG) neurons. However, the two modalities are transduced separately by pain-selective (nociceptive) and itch-selective (pruriceptive) neuronal subpopulations in the skin. This is firmly supported by the finding that the ablation of Mas-related G protein-coupled receptor member A3 (MrgprA3) neurons substantially reduces scratching evoked by multiple pruritogens and under chronic itch conditions, leaving pain sensitivity intact [21] .
In addition to sensory neurons, many other cell types are also involved in itch pathways [22] . For instance, stimulated keratinocytes release numerous inflammatory mediators including thymic stromal lymphopoietin (TSLP), ATP, endothelins, prostaglandins, histamine, nitric oxide, and serotonin which can directly activate or sensitize primary sensory neurons to initiate itch [22] . Similarly, innate immune cells (such as mast cells, neutrophils, macrophages, and dendritic cells) release a versatile ensemble of pruritogenic inflammatory mediators [23] . The interplay between adaptive immune cells and neurons also plays an important role in itch sensation ( Figure 1 ) [24] [25] [26] . Six TRP  channels are implicated in itch signaling, including TRPA1, TRPV1, TRPV3, TRPV4,  TRPM8 , and TRPC4. All itch-related TRP channels are expressed in keratinocytes and/or primary sensory neurons. TRPA1 is required for itch evoked by chloroquine (CQ), bovine adrenal medulla 8-22 peptide (BAM8-22), 5-hydroxytryptamine (5-HT), bile acid, and thymic stromal lymphopoietin (TSLP) which can be released from keratinocytes through protease-activated receptor 2 (PAR2) activation. These pruritogens bind to their respective G protein-coupled receptors (GPCRs): Masrelated G protein-coupled receptor member A3 (MrgprA3), MrgprC11, 5-hydroxytryptamine receptor 7(HTR7), G protein-coupled bile acid receptor Gpbar1 (TGR5), and thymic stromal lymphopoietin receptor (TSLPR). Phospholipase C (PLC) and Gβγ signaling downstream from these receptors contribute to TRPA1 activation. TRPA1 also mediates miR-711-induced itch through direct activation. TRPV1 is required for histamine-evoked itch, whereby histamine receptor 1 (H1R) and histamine receptor 4 (H4R) activate TRPV1 through the PLC signaling pathway. TRPV1 also participates in cyclic phosphatidic acid-induced itch through direct activation. Both TRPA1 and TRPV1 are involved in squaric acid dibutylester (SADBE)-and lysophosphatidic acid (LPA)-induced itch through direct activation. In addition, both TRPA1 and TRPV1 are required for interleukin-31 (IL-31)-and sphingosine 1-phosphate (S1P)-related itch, but the detailed mechanisms remain Six TRP channels  are implicated in itch signaling, including TRPA1, TRPV1, TRPV3, TRPV4, TRPM8 , and TRPC4. All itch-related TRP channels are expressed in keratinocytes and/or primary sensory neurons. TRPA1 is required for itch evoked by chloroquine (CQ), bovine adrenal medulla 8-22 peptide (BAM8-22), 5-hydroxytryptamine (5-HT), bile acid, and thymic stromal lymphopoietin (TSLP) which can be released from keratinocytes through protease-activated receptor 2 (PAR2) activation. These pruritogens bind to their respective G protein-coupled receptors (GPCRs): Mas-related G protein-coupled receptor member A3 (MrgprA3), MrgprC11, 5-hydroxytryptamine receptor 7(HTR7), G protein-coupled bile acid receptor Gpbar1 (TGR5), and thymic stromal lymphopoietin receptor (TSLPR). Phospholipase C (PLC) and Gβγ signaling downstream from these receptors contribute to TRPA1 activation. TRPA1 also mediates miR-711-induced itch through direct activation. TRPV1 is required for histamine-evoked itch, whereby histamine receptor 1 (H1R) and histamine receptor 4 (H4R) activate TRPV1 through the PLC signaling pathway. TRPV1 also participates in cyclic phosphatidic acid-induced itch through direct activation. Both TRPA1 and TRPV1 are involved in squaric acid dibutylester (SADBE)-and lysophosphatidic acid (LPA)-induced itch through direct activation. In addition, both TRPA1 and TRPV1 are required for interleukin-31 (IL-31)-and sphingosine 1-phosphate (S1P)-related itch, but the detailed mechanisms remain unresolved. Mutations of amino acid residues in TRPV3 have been associated with Olmsted syndrome (OS), suggesting a potential role in itch signaling. Emerging data implicate TRPV4 in both histaminergic and non-histaminergic itch, but results from different research groups are controversial [27] [28] [29] . HTR2B and TRPC4 are involved in selective serotonin reuptake inhibitor (SSRI)-evoked pruritus. Unlike other TRP channels, TRPM8 activation inhibits itch and is required for cooling-and menthol-mediated itch inhibition. 
TRP Channels and Itch Signaling
TRP channels are molecular sensors of mechanical, chemical, and thermal environmental cues and are crucially involved in both acute and chronic itch [19, 22, [30] [31] [32] [33] [34] . Six TRP channels are now firmly associated with itch generation and transduction (Figure 1 ).
TRPA1-Dependent Itch
TRPA1 is named after the 14 ankyrin repeats in its cytosolic N-termini; it is the sole member of the TRPA subfamily in mammals [35] . TRPA1 is selectively expressed by a subpopulation of small-diameter neurons in dorsal root, trigeminal, and nodose ganglia and keratinocytes [36] [37] [38] . TRPA1 is directly activated by a vast array of noxious and electrophilic compounds (such as allyl isothiocyanate, cinnamaldehyde, allicin, and diallyl disulfide) [39] [40] [41] , and numerous endogenous reactive oxygen species (such as hydrogen peroxide and 4-hydroxynonenal (4-HNE) [42, 43] . It can also be activated by the transition metal ion Zn 2+ , leading to acute pain [44] .
Itch-related G protein-coupled receptors (GPCRs), including the bile acid receptor TGR5, the TSLP receptor, and the MrgprA3 and MrgprC11, can positively modulate TRPA1 [45] [46] [47] . Many pharmacological blockade and genetic ablation studies have shown that TRPA1 is a critical downstream mediator of GPCR signaling in different mouse models of acute and chronic itch. Antihistamines are useful for treating many types of acute itch, but generally ineffective under many chronic itch conditions, which are histamine-independent. CQ is commonly used to treat malaria and evokes severe itching as a major side effect, which is especially common among black Africans. Liu et al. found that CQ activated MrgprA3 to trigger histamine-independent itch [46] . Both loss-and gain-of-function studies further demonstrated that MrgprA3 was required for CQ-induced itch in mice [46] . Similarly, MrgprC11 was required for BAM8-22-induced acute itch in mice [46] . Moreover, Wilson et al. showed that TRPA1 was a downstream target of both MrgprA3 and MrgprC11 signaling and required for both CQ-and BAM8-22-induced itch [48] . However, distinct mechanisms are involved in MrgprA3 and MrgprC11 signaling to activate TRPA1: Gβγ signaling is required for MrgprA3 and phospholipase C (PLC) signaling is required for MrgprC11 ( Figure 1 ) [48] . Interestingly, a recent study demonstrated that CQ-evoked primary afferent firing ex vivo, and scratching responses in vivo, were not significantly different between wild-type and TRPA1-deficient mice. Instead, chloride channels may play a more important role in CQ-induced increases in sensory neuron excitability and scratching [49] .
3.1.2. TRPA1 in 5-Hydroxytryptamine (5-HT)-Induced Itch 5-HT is released by tissue-resident mast cells, which can in turn activate pruriceptive afferents [50] . Pruritogenic 5-HT signaling occurs in some localized or systemic diseases, such as atopic dermatitis (AD), cholestasis, and psoriasis [51] . Morita et al. found that both HTR7 and TRPA1 were required for 5-HT-induced itch because mice lacking HTR7 or TRPA1 had severely reduced scratching responses in both 5-HT-induced acute itch and in a mouse model of AD ( Figure 1 ) [52] . On the other hand, Akiyama et al. showed that 5-HT-induced acute scratching required TRPV4 but not TRPA1 or TRPV1 because scratching was significantly diminished in TRPV4 knockout (KO) mice, but unaffected by genetic ablation of either TRPA1 or TRPV1 function [27] .
TRPA1 in Cholestatic Pruritus
Patients with cholestatic or other obstructive liver diseases often suffer severe pruritus caused by increased levels of bile acid in the circulation and skin [53] . Indeed, bile acid chelators can relieve cholestatic pruritus, whereas direct intradermal injections of bile acid cause scratching in mice [54, 55] . Lieu et al. demonstrated that TGR5 activates and sensitizes TRPA1 by a Gβγ-and PKC-dependent mechanism and that bile acid-induced itch requires TRPA1 ( Figure 1 ) [45] . Both pharmacological inhibition and genetic ablation of TRPA1 function prevented the bile acid-stimulated release of the pruritogenic neuropeptide gastrin-releasing peptide (GRP) and reduced the bile acid-elicited scratching. Moreover, spontaneous scratching was exacerbated in transgenic mice overexpressing TGR5, which was prevented by the administration of a TRPA1 antagonist [45] . Thus, TRPA1 and TGR5 are potential drug targets for alleviating itch in patients with cholestatic and other obstructive liver diseases.
TRPA1 in Itch Associated with AD
The protease-activated receptor 2 (PAR2) plays an important role in keratinocyte TSLP production, and there is a correlation between PAR2 activity and TSLP expression in the skin of AD patients and in mouse models of atopic diseases [56] . Interestingly, TSLP over-expression in keratinocytes triggers robust itch-evoked scratching and the development of an AD-like skin phenotype in mice [57] . Wilson et al. reported that PAR2 evoked robustly increased expression of TSLP in keratinocytes and that TSLP acted directly on a TRPA1-positive subset of sensory neurons to produce robust scratching via TSLP receptor (TSLPR) signaling [47] . Subcutaneous TSLP injections in wild-type mice evoked scratching which was significantly attenuated by functional ablation of TRPA1 and by genetic ablation of IL7Rα which formed a heterodimeric receptor with TSLPR, but not by functional ablation of TRPV1. PLC signaling was required for the functional coupling between TSLPR signaling and TRPA1 activation ( Figure 1 ) [47] .
TRPA1 in Itch Induced by Extracellular miRNAs
Chronic itch is a major symptom of cutaneous T cell lymphoma [58] . Intradermal inoculation of human Myla cells can induce lymphoma associated with intense itching in immune-deficient mice [59] . Interestingly, lymphoma-associated itch is suppressed by a miRNA-711 inhibitor and a blocking peptide that disrupts miRNA-711/TRPA1 interaction. Moreover, extracellular miRNA directly activates TRPA1 on sensory neurons to induce TRPA1-depedent itch without causing pain in naive mice ( Figure 1 ) [59] . These findings demonstrated an unconventional physiological role of extracellular naked miRNAs as pruritogens and TRPA1 modulators [59, 60] .
TRPV1-Dependent Itch
TRPV1 belongs to a subfamily of temperature-sensitive TRP channels, also called "ThermoTRPs" [61] . TRPV1 is activated by noxious temperatures (>43 • C) [62] . In addition, TRPV1 is activated by capsaicin, low pH, and numerous molecules associated with inflammation and tissue damage such as bradykinin, prokineticin, prostaglandins, anandamide, and retinoids [22, [63] [64] [65] .
Histamine is one of the best-known endogenous pruritogens [66] . Applied to human skin, histamine causes local vasodilation and gives rise to the characteristic triple response: redness, flare, and swelling, accompanied by intense itching [67] . Among four histamine receptors (including the histamine receptors H1R, H2R, H3R, and H4R), H1R and H4R are expressed by pruriceptive DRG neurons and mediate histamine-induced itch [68] . TRPV1 plays a crucial role in histamine-induced itch via coupling with H1R-mediated signaling [69] . Histamine activates inward currents only when H1R and TRPV1 are co-expressed heterologously, and histamine evokes Ca 2+ influxes in sensory neurons isolated from wild-type but not TRPV1 KO mice [69] . Importantly, TRPV1 KO mice have markedly reduced histamine-induced scratching compared to wild-type mice [69] . In addition, TRPV1 may be involved in histamine-induced itch mediated by H4R (Figure 1 ) [70] .
Besides histamine-dependent itch, direct activation of TRPV1 by the pruritogen, cyclic phosphatidic acid, also evokes robust scratching responses [71] . The naturally occurring monounsaturated fatty acid and oleic acid antagonize TRPV1 by interacting with the vanilloid (capsaicin)-binding pocket and promoting stabilization of a closed state conformation. Importantly, oleic acid inhibits cyclic phosphatidic acid-induced activation of TRPV1 in vitro as well as TRPV1-dependent pain and itch responses in vivo [71] , further highlighting the importance of TRPV1 in itch sensation (Figure 1 ).
Itch Mediated by Both TRPA1 and TRPV1
Lysophosphatidic acid (LPA) is another proposed itch mediator besides bile acid in cholestatic pruritus [72] . Intradermal injections of LPA provoke scratching behaviors in rodents [72] [73] [74] . Both TRPA1 and TRPV1 are implicated in LPA-induced itch (Figure 1 ). Genetic ablation of either TRPV1 or TRPA1 reduces LPA-induced activation of DRG neurons and scratching responses elicited by intradermal LPA injections [74] . LPA directly activates TRPA1 through interactions with positive charged amino acids KK672-673/KR977-978 and K710 [74, 75] on the cytosolic sites of the protein.
Squaric acid dibutylester (SADBE) is a small molecule hapten commonly used for treating alopecia areata and warts that often causes contact hypersensitivity (CHS) in humans [76, 77] . SADBE effectively induces CHS in a mouse model of allergic contact dermatitis (ACD) associated with spontaneous scratching behaviors [78] . Recently, Feng et al. found that both TRPA1 and TRPV1 were involved in generating spontaneous scratching in SADBE-induced ACD model in mice (Figure 1 ) [30] . Unexpectedly, TRPV1 but not TRPA1 protected against the SADBE-induced skin inflammation, suggesting that chronic skin inflammation and persistent itch in SADBE-induced CHS were mediated by distinct molecular mechanisms. These results suggested that extreme care should be taken when applying TRP channel blockers to treat chronic itch because they might also promote skin inflammation.
T-cell-derived Th2 cytokine IL31 is upregulated in itch-related cutaneous T cell lymphoma and AD in humans [4, 79] . The neutralization of interleukin-31 (IL-31) by anti-interleukin-31 antibodies ameliorates scratching behavior in the NC/Nga mouse model of AD (a strain of Japanese fancy mice) [80] . Moreover, cutaneous or intrathecal injections of IL-31 provoke intense itching, and IL-31 concentration is increased significantly in AD-like skin preparations in mice [81] . Both human and mouse DRG neurons express IL-31RA, primarily in neurons that co-express TRPV1. Compared with respective control mice, IL-31-induced itch response is significantly attenuated in either TRPV1 or TRPA1 KO mice [81] . Taken together, it is likely both TRPA1 and TRPV1 are involved in IL-31-induced itch (Figure 1) . Thus, both TRPA1 and TRPV1 represent possible therapeutic targets for the management of Th2 cytokine-mediated itch.
Sphingosine 1-phosphate (S1P) is an important signaling sphingolipid involved in both itch and pain signaling [82] [83] [84] [85] . A recent study showed that low concentrations of S1P selectively evoked acute itch, and that high concentrations of S1P caused both pain and itch [82] . S1P receptor 3 (S1PR3) appeared to be the sole mediator of both S1P-induced itch and pain responses through promoting excitability of different primary afferents: S1PR3 and TRPA1 co-existed in a subset of pruriceptors, but S1PR3 was co-expressed with TRPV1 in a subset of heat nociceptors. In line with these unique expression patterns, TRPA1 mediated S1P-induced itch behaviors and TRPV1 mediated S1P-elicited acute pain and heat hypersensitivity (Figure 1 ). These findings suggested that distinct cellular and molecular mechanisms mediated S1P-induced itch and pain sensations [82] .
TRPV3-Dependent Itch
TRPV3 is another ThermoTRP that is activated by temperatures >33 • C [86] . It is activated by many endogenous ligands (such as farnesyl pyrophosphate) [87] , synthetic compounds (such as 2-aminoethoxydiphenyl borate (2-APB)) [88] , and some natural compounds (such as carvacrol, menthol, thymol, eugenol, and citral) [89] [90] [91] [92] .
Unlike TRPA1 and TRPV1 channels, which are mainly expressed by primary sensory neurons, TRPV3 is primarily expressed by mouse skin keratinocytes and oral and nasal epithelia, although TRPV3 is also detected in human DRG neurons (Figure 1 ) [93] [94] [95] . TRPV3 expression is increased in keratinocytes from AD lesions and patients suffering from postburn pruritus [96, 97] , but not in biopsies from chronic idiopathic pruritus (CIP) patients [98] .
TRPV3 is widely involved in skin barrier function, hair growth, skin inflammation, pain, and itch [13, [99] [100] [101] . The role of TRPV3 in itch sensation attracts a great deal of attention since Asakawa et al. first reported that the Gly573Ser substitution in Trpv3 gene (TRPV3 Gly573Ser ) in DS-Nh mice produced a hairlessness phenotype and that these mice also developed allergic and pruritic dermatitis [102] . Both G573S and G573C mutations of murine TRPV3 are gain-of-function mutations promoting basal TRPV3 channel activity and enhancing responses to TRPV3 ligands compared to wild-type TRPV3 [103] . These mutations drive constitutive TRPV3 activity under normal physiological conditions, subsequently altering ion homeostasis and membrane potentials of skin keratinocytes, leading to hair loss and dermatitis-like skin phenotypes.
Gain-of-function mutations in human TRPV3 from patients with Olmsted syndrome (OS) suggest a role of TRPV3 in human itch signaling [104] . OS is a rare skin disease characterized by palmoplantar, alopecia, onychodystrophy, and severe itching [105] . To date, mutations of five different amino acid residues in TRPV3 have been associated with OS from more than 70 cases, including p.Gly568, p.Gly573, p.Leu673, p.Trp692, and p.Asn415_Arg416 [106] .
Although TRPV3 mutants in both DS-Nh mice and OS patients display itch symptoms, it remains unclear whether itch arises directly from TRPV3-mediated signaling or secondarily through TRPV3-mediated skin pathogenesis. Direct evidence supporting the involvement of TRPV3 in itch signaling is currently lacking. It is possible that additional cellular and molecular mechanisms are required to produce itch in TRPV3 mutants in vivo, besides elevated basal activity and altered ligand-evoked responses.
TRPV4-Dependent Itch
TRPV4 is another ThermoTRP activated at temperatures between 27 • C and 35 • C [107] . TRPV4 expression occurs in skin, kidney, urinary bladder, and DRG [108, 109] . Interestingly, photodermatitis and sunburn are accompanied by symptoms of pain and enhanced epidermal expression of TRPV4 [110] , suggesting TRPV4 may be a sunburn pain mediator.
Recently, Akiyama et al. reported that TRPV4 played an important role in 5-HT-induced acute itch because 5-HT-but not the peptide Ser-Leu-Ile-Gly-Arg-Leu (SLIGRL)-or histamine-evoked scratching was reduced in TRPV4 KO mice, compared with wild-type mice [27] . However, Chen et al. showed that scratching responses elicited by all histaminergic pruritogens including histamine, compound 48/80, and ET-1 were significantly attenuated in both global and keratinocyte-specific TRPV4 KO mice compared with their respective controls [28] . In line with these findings, Kim et al. showed that TRPV4 was required for histamine-induced itch because TRPV4 KO mice exhibited significant reductions in scratching responses to histamine compared with wild-type littermates [29] .
The role of TRPV4 in scratching responses induced by non-histaminergic pruritogen CQ is controversial. Akiyama et al. showed that the number of CQ-induced scratching bouts was significantly increased in global TRPV4 KO mice compared with wild-type mice [27] . In contrast, Chen et al. found that CQ-evoked scratching was unaffected by global TRPV4 KO or skin-specific TRPV4 KO, compared with their respective controls [28] . Even more surprisingly, Kim et al. showed that global TRPV4 KO mice exhibited a significant attenuation in scratching responses to CQ compared with wild-type littermates [29] .
Besides involvement in acute itch, Luo et al. reported that lineage-specific deletion of TRPV4 in macrophages and keratinocytes reduced both allergic and nonallergic chronic itch in mice [98] . Additionally, TRPV4 expression in skin biopsies from CIP patients was significantly increased compared with healthy controls. Taken together, the evidence implicates TRPV4 in both allergic and non-allergic chronic itch, and thus represents a potential therapeutic target for both conditions.
TRPM8 in Itch Modulation
TRPM8 is activated by cool and cold temperatures between 8 • C and 28 • C [111, 112] . It can also be activated by several natural compounds that can lead to a cooling sensation, including menthone, Pharmaceuticals 2018, 11, 100 7 of 20 menthol, and eucalyptol [113, 114] . TRPM8 is expressed by keratinocytes and a subset of primary afferent sensory neurons and serves as a cold sensor in vivo [115] [116] [117] .
Pain, itch, and cold sensations are closely related. Under certain circumstances, pain can inhibit itch and cooling can relieve both pain and itch [118] [119] [120] [121] [122] . Cooling by applying ice or cold water is a commonly used method to relieve itch [121] . Emerging evidence suggests that TRPM8 activation reduces itch, whereas some specific TRPM8 activators can aggravate itch [123, 124] . Icilin, a potent TRPM8 activator, is effective in reducing vulva pruritus resulting from lichen sclerosus et atrophicus [125] . Similarly, menthol and cooling inhibit histamine-and lichenification-evoked itch in humans [126] . Recently, Palkar et al. found that cooling and the cold mimetic menthol could inhibit both histaminergic and non-histaminergic itch pathways. Itch inhibition by cooling required the participation of TRPM8 and functional intact TRPM8-expressing afferent neurons [120] . More importantly, dry skin-associated chronic itch could also be ameliorated by cooling in mice [120] . These results suggested that TRPM8 was an itch modulator and that the TRPM8-mediated counter-stimulus activated a specific neural circuit that represented a potential cellular mechanism that could be exploited for chronic itch treatments.
TRPC4-Dependent Itch
Selective serotonin reuptake inhibitors (SSRIs) are among the most commonly used antidepressants prescribed and well known to elicit adverse skin reactions including rashes, urticaria, and pruritus with unknown mechanisms [127] . Recently, Lee et al. reported that HTR2B and TRPC4 were involved in SSRI-evoked pruritus [128] . Subcutaneous injections of 1 mM sertraline into mice evoked robust acute scratching, and mice treated with siRNA targeting HTR2B displayed significant reductions in sertraline-evoked itch behavior compared with mice receiving a control siRNA. Sertraline-evoked itch is also significantly attenuated by genetic ablation of TRPC4, but not TRPA1 or TRPV1 function, implicating the role of TRPC4 in SSRI-induced itch (Figure 1 ). It has also been reported that cutaneous administration of 100 µM sertraline induced itch through serotonin receptor 7 (HTR7) using genetic ablation and pharmacological inhibition approaches [52] . Thus, SSRI-evoked itch may arise through multiple pathways, one of which includes TRPC4. These recent findings raise the question of whether TRPC4 mediates other conditions in which pruritogenic 5-HT signaling can occur, such as AD, cholestasis, and psoriasis.
Ligands Commonly Used for Studying Itch-Related TRP Channels
TRP channel ligands are crucial tools for revealing the biological function of TRP channels in itch sensation (Table 1) . Additionally, antagonists of TRPA1, TRPV1, TRPV3, TRPV4, and TRPC4 and agonists of TRPM8 can be potential drugs for treating itch and other TRP-related diseases. Therefore, the identification of potent and selective TRP channel ligands is of great importance in developing effective itch therapies. 
TRPA1 Antagonists
HC-030031 is the most widely used TRPA1 blocker. It inhibits AITC-and formalin-evoked Ca 2+ influx with IC 50 values of 6.2 ± 0.2 and 5.3 ± 0.2 µM, respectively [129] . However, when tested in radioligand binding assays at 10 µM concentration, HC-030031 also displays activities against several other membrane proteins including sodium channels (40%) and sigma receptors (37%) [147] . HC030031 has been widely used to explore the TRPA1 function in itch. The application of 30 mg/kg HC030031 can alleviate scratching responses induced by the selective PAR4 agonist AYPGKF-NH 2 (AYP) by 55% in mice [148] . Similarly, the number of scratching bouts in a mouse model of AD is significantly attenuated after the administration of HC-030031, which persists for 1 h [149] . HC030031 also inhibits scratching responses in ACD in mice, elicited by the exposure to haptens including oxazolone and urushiol, the contact allergen of poison ivy [150] . Moreover, HC030031 also suppresses scratching responses induced by the chemoattractant leukotriene B 4 (LTB 4 ) in female CD1 mice [151] .
A-967079 is another commonly used TRPA1 antagonist [130] . It inhibits mouse TRPA1 with an IC 50 value of 0.3 µM [130] . A-967079 is >1000-fold selective over other TRP channels and >150-fold selective over 75 other tested proteins [130] . A 3D structure of human TRPA1 in complex with A-967079 shows that two amino acid residues (S873 and T874) located in the fifth transmembrane domain of TRPA1 play important roles in interacting with A-967079 [152] . A-967079 effectively suppresses spontaneous scratching in mouse models of ACD chemically induced by SADBE, oxazolone, urushiol, poison ivy, and 2,4-dinitrochlorobenzene (DNCB) [30, 150, 153] .
AP18, identified as a potent and selective TRPA1 inhibitor, suppresses Ca 2+ responses evoked by 50 µM cinnamaldehyde with IC 50 values of 3.1 µM and 4.5 µM for human and mouse TRPA1, respectively [131] . Importantly, at concentrations up to 50 µM, AP18 is unable to appreciably block activation of TRPV1, TRPV2, TRPV3, TRPV4, or TRPM8 [131] . Schenkel et al. identified compound 4 as a TRPA1 antagonist by using high-throughput screening [132] . Although compound 4 shows antagonist activity only at concentrations up to 25 µM, a series of modifications to compound 4 led to the discovery of compound 27 (AM-0902) [132] . Compound 27 is a potent and selective TRPA1 antagonist with an IC 50 Pharmaceuticals 2018, 11, 100 9 of 20 value of 0.024 µM for human TRPA1 and it exhibits no significant activity against TRPV1, TRPV3, TRPV4, or TRPM8 [132] . However, neither AP18 nor AM-0902 have yet been used for itch studies.
TRPV1 Antagonists
AMG9810 is the most widely used TRPV1 inhibitor. It is a competitive antagonist of capsaicin with an IC 50 value of 24.5 ± 15.7 nM for human TRPV1 [133] . It blocks all known modes of TRPV1 activation, including protons, heat, and endogenous ligands [133] . AMG9810 blocks capsaicin-evoked depolarization and calcitonin gene-related peptide (CGRP) release in cultures of rat DRG neurons [133] . A recent study demonstrated that AMG9810 suppressed itch behavior elicited by subcutaneous injections of immepip dihydrobromide, a selective histamine H4 receptor agonist [70] .
By using high-throughput screening of a large chemical library, Gunthorpe et al. identified a potent and selective TRPV1 antagonist, SB366791 [134] . SB366791 inhibits human TRPV1 and rat TRPV1 currents activated by 1 µM capsaicin with IC 50 values of 5.7 ± 1.2 nM and 7.5 ± 1.8 nM, respectively [134] . SB366791 also inhibits acid-and heat-activated TRPV1 current. Importantly, 1 µM SB-366791 shows little or no activity to 47 other ion channels and G protein-coupled receptors [134] . SB366791 is a potent inhibitor of itch responses induced by PAR4 or PAR2 activation in mice [148, 154] .
TRPV1 antagonists have also been tested in clinical trials as anti-itch drugs. PAC-14028 is a potent TRPV1 inhibitor with an IC 50 value of 55.0 ± 7.1 nM against capsaicin-induced calcium influx in rat DRG neurons, and it can attenuate dermatitis-associated barrier damages in Dermatophagoides farina-and oxazolone-induced mouse models of AD [135] . Recently, PAC-14028 went through multiple phase II clinical trials for determining its efficacy in relieving AD-associated pruritus (NCT02583022, NCT02052531, and NCT02565134), and an ongoing phase III trial of patients with AD is expected to be completed in late 2018 (NCT02965118). Although PAC-14028 shows a promising anti-itch effect in AD, a randomized clinical trial failed to find a symptomatic benefit of another TRPV1 antagonist, SB-705498, for histaminergic or non-histaminergic induced itch [155] . On the other hand, SB-705498 shows a promising inhibitory effect on heat-evoked pain and skin sensitization induced by capsaicin or UVB irradiation in humans [156] , further suggesting distinct mechanisms might be involved in TRPV1-mediated pain and itch.
TRPV3 Antagonists
Hydra Biosciences is the first company to develop small molecule TRPV3 antagonists and has identified a series of TRPV3 antagonists with IC 50 values in the range of 0.2-1 µM [157] . These antagonists show good selectivity and lack adverse effects at doses of 200 mg/kg [157] . Glenmark Pharmaceuticals is another company dedicated to developing small molecule inhibitors of TRPV3 and has described several additional TRPV3 antagonists in patent applications. For instance, GRC 15,300 is the first TRPV3 inhibitor to enter clinical phase I and clinical phase II trials for treating neuropathic pain [157, 158] . However, this research is discontinued and currently there are no known ongoing clinical trials employing TRPV3 antagonists [158] .
Resolvins are endogenous anti-inflammatory molecules generated by ω-3 lipid metabolism [159] . Interestingly, resolvin D1 (RvD1) and resolvin E1 (RvE1) could inhibit activities of multiple TRP channels [160] . Bang et al. demonstrated that 17R-RvD1 was a potent TRPV3 inhibitor [137] . The TRPV3-mediated Ca 2+ influxes elicited by 4 mM camphor were blocked by 17R-RvD1 with an IC 50 value of 398 nM [137] . More importantly, the other five TRP channels including TRPA1, TRPV1, TRPV2, TRPV4, and TRPM8 were not affected by 17R-RvD1. Thus, 17R-RvD1 represents a novel specific endogenous inhibitor of TRPV3. However, this TRPV3 antagonist has yet to be used to investigate itch.
TRPV4 Antagonists
Everaerts et al. identified HC-067047, a small molecule antagonist of hTRPV4 that reversibly inhibited currents mediated by human, rat, and mouse TRPV4 orthologs with IC 50 values of 48 ± 6 nM, 133 ± 25 nM, and 17 ± 3 nM, respectively [138] . In Ca 2+ imaging experiments, 1 µM HC-067047 completely inhibited mouse TRPV4 activated by heat, hypoosmotic solution, arachidonic acid, 4α-Phorbol 12,13-didecanoate (4α-PDD), 4α-phorbol 12,13-dihexanoate (4α-PDH), and GSK1016790A [138] . HC-067047 has a promising selectivity profile, lacking obvious effects on other ion channels except TRPM8 and hERG at submicromolar concentrations [138] . GSK2193874 is the most widely used specific antagonist of TRPV4. It inhibits human TRPV4 and rat TRPV4 with IC 50 values of 40 nM and 2 nM, respectively [139] . Importantly, it is selective against TRPV1, TRPA1, TRPC3, TRPC6, and TRPM8 (IC 50 > 25 µM) [139] . Both HC067047 and GSK2193874 have been used to investigate the role of TRPV4 in itch signaling. HC067047 significantly inhibits 5-HT-evoked scratching in mice [27] . Both HC067047 and GSK2193874 suppress spontaneous scratching in mouse models of acetone-diethylether-water (AEW)-induced dry skin and SADBE-induced ACD [98] . GSK205 is another small molecule TRPV4 blocker used for itch studies, although it also possesses an inhibitory effect on TRPA1 [161] . GSK205 is shown to inhibit itch elicited by localized skin warming as well as scratching responses induced by histaminergic (histamine, compound 48/80, ET-1), but not non-histaminergic (CQ) pruritogens [28] .
TRPC4 Antagonists
Although some small molecule TRPC4 antagonists are available, most of them have off-target effects. For instance, ML204 is identified as a novel TRPC4 antagonist with an IC 50 value of 0.96 µM [140] . However, ML204 also exhibits inhibitory effects on TRPC5 and TRPC6 channels at 10 µM [140] . Similarly, Zhu et al. identified M084 and its analogues as TRPC4 inhibitors with IC 50 values in the range of 4.1 µM to 11.0 µM [162] . Unfortunately, all these compounds also block TRPC5 with similar IC 50 values [162] . More recently, Just et al. reported a highly potent small molecule antagonist of TRPC4, HC-070, which inhibited hTRPC4 with an IC 50 value of 46.0 ± 3.9 nM [141] . Although this compound is >400-fold selective over a wide range of molecular targets including ion channels, receptors, and kinases, it also inhibits hTRPC5 with an IC 50 value of 9.3 ± 0.9 nM [141] . Selective TRPC4 blockers remain to be utilized for itch studies.
TRPM8 Agonists
Specific TRPM8 activators are promising candidates for treating itch since the activation of TRPM8 by cooling or chemical agonists relieves itch [125, 163] . Menthol and icilin are well-known and widely used compounds activating TRPM8 with EC 50 values of 10.4 µM and 1.4 µM, respectively [145, 146] . Indeed, both menthol and icilin display excellent anti-itch effects. Menthol significantly reduces not only itch induced by mustard gas exposure but also lichen amyloidosis-and hydroxyethyl starch-evoked itch [163] [164] [165] . A topical icilin application relieves vulva pruritus originating from lichen sclerosus [125] . However, menthol can also activate TRPA1 and TRPV3, and icilin is also a potent TRPA1 activator [166, 167] .
Many other TRPM8 agonists have also been identified, including eucalyptol (1,8-cineol), WS-12, M8-Ag, CPS-369, and D-3263 [114, 168, 169] . Eucalyptol is the major ingredient in the essential oil of eucalyptus leaves. Eucalyptol-containing products are a widely used remedy for alleviating pain [114] . Eucalyptol is a TRPM8 agonist and can inhibit acid-induced visceral pain in a TRPM8-dependent manner [114, 170] . However, eucalyptol activates TRPM8 with relatively low efficacy and potency (EC 50 = 3.4 ± 0.4 mM) and also inhibits TRPA1 [142, 143] . M8-Ag is a potent TRPM8 agonist that activates TRPM8 with an EC 50 value of 45 nM [144] . However, M8-Ag also activates TRPA1 with an EC 50 of >4 µM [144] . WS-12 is another well-known and widely used TRPM8 agonist with an EC 50 of 193 nM [145, 146] . WS-12 appears to be the most specific among the currently known TRPM8 agonists because it lacks actions on TRPV1, TRPV2, TRPV3, TRPV4, and TRPA1 at 1 mM [113] . The excellent potency and selectivity of WS-12 makes it a promising TRPM8 activator for treating itch.
Conclusions and Future Perspectives
Persistent itch is debilitating and severely affects quality of life. Although antihistamines, corticosteroid creams, calcineurin inhibitors, and antidepressants have been widely used to treat itch, many of them are ineffective for chronic itch and exert numerous side effects. Novel and effective anti-itch drugs are urgently needed.
Molecular and cellular mechanisms underlying the regulation of itch signaling by TRP channels have not been completely understood. Accumulating evidence now identifies TRP channels as crucial players in mediating and modulating acute and chronic itch. The role of TRP channels in itch is becoming clearer and many TRP channel ligands have been developed, yet TRP channel ligands remain to be used clinically as anti-itch drugs. Off-target effects are a risk for TRP channel ligands given their broad expression and numerous biological functions. Thus, development should proceed with caution. Nevertheless, since recent stimulating studies have provided conclusive evidence that multiple TRP channels play critical roles in the initiation and maintenance of itch signaling, the development of new and selective drugs targeting TRP channels should hold promise for the treatment of chronic itch. 
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